Dopamine (DA) is a neurotransmitter involved in the control of locomotion, emotion, cognition, and reward. Administration of lithium salts is known to inhibit DA-associated behaviors in experimental animal models through unknown mechanisms. Here, we used a pharmacogenetic approach to show that DA can exert its behavioral effects by acting on a lithium-sensitive signaling cascade involving Akt͞PKB and glycogen synthase kinase 3 (GSK-3). In the mouse striatum, increased DA neurotransmission arising either from administration of amphetamine or from the lack of the DA transporter results in inactivation of Akt and concomitant activation of GSK-3␣ and GSK-3␤. These biochemical changes are not affected by activation of the cAMP pathway but are effectively reversed either by inhibition of DA synthesis, D2 receptor blockade, or administration of lithium salts. Furthermore, pharmacological or genetic inhibition of GSK-3 significantly reduces DA-dependent locomotor behaviors. These data support the involvement of GSK-3 as an important mediator of DA and lithium action in vivo and suggest that modulation of the Akt͞GSK-3 pathway might be relevant to DA-related disorders, such as attention deficit hyperactivity disorder and schizophrenia.
D
opamine (DA) is a monoaminergic neurotransmitter that has been implicated in multiple brain disorders, such as Parkinson's disease, schizophrenia, attention deficit hyperactivity disorder, Tourette syndrome, addiction, and affective disorders (1) (2) (3) . The major population of dopaminergic neurons in the brain arises from the substantia nigra pars compacta and projects to striatal neurons. The DA transporter (DAT) tightly controls the action of DA at the synaptic level by assuring its reuptake into presynaptic neurons, thus limiting extracellular DA concentration (3) . Accordingly, mice lacking the DAT exhibit a persistent 5-fold elevation in extracellular striatal DA, leading to the appearance of locomotor hyperactivity and stereotypic movements when these mice are placed in a novel environment (4) (5) (6) . At the cellular level the various physiological functions of DA are mediated by two classes of G protein-coupled receptors. The D1-like receptors (D1 and D5) are mostly coupled to Gs ␣ and the D2-like receptors (D2, D3, and D4) are coupled to Gi͞Go ␣ (7). However, the signaling mechanisms mediating the action of DA on hyperactivity are still not fully understood. For instance, acute administration of lithium salts is known to antagonize the hyperactivity induced by various dopaminergic agonists (8) (9) (10) (11) . Nevertheless, the mechanism by which lithium interferes with DA-associated behavior remains uncharacterized. Here we show that one putative physiological target of lithium, glycogen synthase kinase 3 (GSK-3), is activated in response to sustained stimulation of DA receptors and that its inhibition interferes with the expression of DA-dependent behaviors.
Materials and Methods
Experimental Animals. C57BL͞129SvJ DAT knockout (DAT-KO) mice (4) and their WT littermates, which were between 3 and 4 months of age and showed no signs of neurological motor symptoms (12) , were used for all experiments. C57BL͞6J GSK-3␤ heterozygote mice were described (13) . WT C57BL͞6J mice were obtained from The Jackson Laboratory. Before experiments, animals were housed four or five to a cage at 23°C on a 12 h light͞12 h dark cycle with ad libitum access to food and water. Animal care was approved by the Institutional Animal Care and Use Committee and followed National Institutes of Health guidelines.
Antibodies. The anti-phospho-GSK-3␣͞␤ Ser-21/9, anti-phosphoAkt Thr-308, anti-phospho-Akt Ser-473, anti-total-Akt, and the anti-p-DA and cAMP-regulated phosphoprotein, apparent molecular weight of 32,000 (DARPP-32) Thr-34 antibodies were purchased from Cell Signaling Technology (Beverly, MA). The anti-DARPP-32 was obtained from BD Transduction Laboratories (Lexington, KY). The anti-GSK-3␣͞␤ clone 0011-A was from Santa Cruz Biotechnology, and the anti-actin clone c4 was from Chemicon. The specificity of anti-p-DARPP-32 antibody has been demonstrated (14) . All other antibodies recognized only their target proteins on Western blot analysis (data not shown).
Western Blot Analysis. Mice were killed by decapitation, after which the heads of the animals were immediately cooled by immersion in liquid nitrogen for 6 sec. For each mouse, the right hemistriatum was rapidly dissected out (within 30 sec) on an ice-cold surface and frozen in liquid nitrogen before protein extraction. Tissue samples were homogenized in boiling 1% SDS solution supplemented with 2 M okadaic acid and boiled for 10 min. Protein concentration was measured by using a DC-protein assay (Bio-Rad). Protein extracts (25 or 50 g) were separated on 10% SDS͞PAGE and transferred to nitrocellulose membranes. Blots were immunostained overnight at 4°C with the following primary antibodies: anti-phospho-GSK-3␣͞␤ Ser-21/9 (1:200 dilution); anti-phospho-Akt Thr-308 (1:100); anti-phospho-Akt Ser-473 (1:500); anti-GSK-3␣͞␤ clone 0011-A (1:5,000); anti-Akt (1:1,000); anti-DARPP-32 (1:1,000); antiphospho-DARPP-32 Thr-34 (1:100); and anti-actin clone c4 (1:20,000). Immune complexes were revealed by using appropriate peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch) along with a chemiluminescent reagent (SuperSignal West-Pico, Pierce). Densitometric analysis was carried out within linear range by using IMAGEQUANT V1.1 (Amersham Pharmacia Bioscience). For all experiments, representative Western blots displaying results obtained from two different mice for each group are shown. GSK-3 Activity Assay. For each determination of kinase activity, a complete mouse striatum was rapidly dissected out on an ice-cold This paper was submitted directly (Track II) to the PNAS office.
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surface and homogenized at 4°C in lysis buffer (20 mM Tris, pH 8.0͞137 mM NaCl͞10% glycerol͞1% Nonidet P-40͞0.5 mM sodium orthovanadate͞2 M okadaic acid and a mixture of protease inhibitors (Sigma-Aldrich). GSK-3␣ and -3␤ were immunoprecipitated at 4°C from 1 mg of protein extract with 2 g of anti-GSK-3␣͞␤ monoclonal antibody and protein-A Sepharose (Amersham Pharmacia Bioscience). Immunoprecipitates were then incubated in assay buffer (20 mM Tris, pH 7.5͞10 mM MgCl 2 ͞5 mM DTT͞0.2 mM ATP͞0.5 Ci of [␥-32 P]ATP) for 10 min at 30°C with 0.5 g of recombinant phosphatase inhibitor 2 (New England Biolabs). Control assays were also carried out in the presence of the GSK-3 inhibitor Kenpaullone (2 M, Sigma-Aldrich). Reactions were stopped by the addition of Laemmli loading buffer, boiled for 5 min, and resolved on SDS͞10% PAGE. Gels were then stained with Coomassie blue and autoradiographed. Incorporation of 32 P into recombinant phosphatase inhibitor 2 was measured by densitometry.
Drug Administration. LiCl, sodium valproate, raclopride, ␣-methylpara-tyrosine (␣MPT), and amphetamine were dissolved in saline and injected i.p.; SCH23390 was prepared in water and administered by s.c. injection. Alsterpaullone, SB 216763, indirubin-3Ј-monoxime, and 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione (TDZD) were injected i.p. after suspension in a minimal amount of Tween and made up to volume with distilled water. 8-Br-cAMP was prepared in artificial cerebrospinal fluid and injected into the right lateral ventricle (intracerebroventricularly) in a volume of 4 l at a rate of 1 l͞min as described (15) . Cyclosporin A was prepared in 50% DMSO. Corresponding vehicle solutions were injected to respective control animals. All drugs were purchased from SigmaAldrich with the exception of SB 216763 (Tocris Cookson, Ellisville, MO) and TDZD (Calbiochem).
Measurement of Locomotor Activity. Locomotion was evaluated under illuminated conditions in an automated Omnitech Digiscan apparatus (AccuScan Instruments, Columbus, OH). Mice were initially placed into the activity monitor chamber for 30 min, then injected with vehicle (10 ml͞kg of body weight i.p.) or the drug, returned to the chamber, and monitored for 2 h after injection. Locomotor activity was measured in terms of the total distance covered (horizontal activity), rearings were expressed as the number of vertical beam breaks (vertical activity), and the stereotypy time refers to the total time that stereotypic behaviors (repetitive beam breaks of a given beam or beams with intervals Ͻ1 sec) were observed (5).
Measurement of Extracellular DA Concentration. Extracellular striatal DA concentrations were measured by using in vivo microdialysis on freely moving animals followed by HPLC as described (5, 6) .
Statistical Analysis. Data were analyzed by two-tailed t test, one-way ANOVA, or two-way ANOVA. Values in graphs were expressed as mean Ϯ SEM.
Results
Lithium Antagonizes Behavioral Responses to DA in DAT-KO Mice. In DAT-KO mice the DA-dependent hyperactivity and stereotypy that develop after the exposure of the mice to a novel environment (5) can be significantly attenuated by LiCl. Administration of LiCl at doses known not to induce toxicity in mice (16) (17) (18) resulted in a rapid inhibition of horizontal activity that was maintained for at least 1 h after injection (Fig. 1A) . Quantification of behavioral data for a period of 60 min after drug administration revealed a dose-dependent inhibition of horizontal activity (Fig. 1B) , vertical activity, and stereotypy ( Fig. 7 , which is published as supporting information on the PNAS web site) in DAT-KO mice treated with LiCl as compared with vehicle-treated DAT-KO mice. By comparison, LiCl (200 mg͞kg of body weight i.p.) exerted only a minor effect on activity in habituated WT mice (data not shown).
The hyperactive behavior of DAT-KO mice depends on elevated DA tone in primary dopaminoceptive brain areas such as the striatum and can be blocked by inhibition of DA synthesis or DA receptor antagonists (5, 19) . To assess if lithium antagonizes hyperactivity and stereotypy by affecting DA dynamics, extracellular DA levels were measured in the striatum of DAT-KO mice that received either vehicle or LiCl (200 mg͞kg of body weight). In vivo microdialysis showed that LiCl at a dose that dramatically reduces activity of DAT-KO mice did not affect extracellular DA levels ( Fig.  7) , indicating that lithium affects the responsiveness to DA rather than DA dynamics.
Lithium Affects Akt and GSK-3 in DAT-KO Mice. Because lithium does not bind to DA receptors (20, 21) , its potential action on cAMPmediated DA signaling was assessed in the striatum. DARPP-32 is a known mediator of cAMP signaling whose phosphorylation on Thr-34 by PKA in response to cAMP is regulated by DA receptors (2, 14, 22) . Western blots probed with an anti-phospho-DARPP-32 ( Fig. 1C) antibody revealed no effect of lithium on Thr-34-DARPP-32 phosphorylation in the striatum of LiCl-treated (200 mg͞kg of body weight i.p.) DAT-KO mice as compared with vehicle-treated mice, suggesting that under these conditions the cAMP͞PKA͞DARPP-32 signaling cascade plays little role in the action of lithium on DA-dependent behaviors.
We then examined whether inhibition of DA-associated behaviors by lithium could be related to changes in other signaling mechanisms. The Akt͞GSK-3 signaling cascade represented an attractive possibility. Akt is mostly regulated through the phosphoinositol-dependent phosphorylation of both its Ser-473 and Thr-308 residues, resulting in its activation (23, 24) . GSK-3␣ and GSK-3␤ are two substrates of Akt that are regulated through phosphorylation of serine residues on their N-terminal domain (Ser-21 for GSK-3␣ and Ser-9 for GSK-3␤), which results in inactivation (25, 26). Previous reports from primary cell culture systems and from lithium-treated mice have shown that lithium can activate the serine͞threonine kinase Akt by modulating the activity of phosphoinositol-regulated kinases or other mechanisms (27) (28) (29) (30) . In these systems, activation of Akt was associated with an increased phosphorylation of GSK-3, thus suggesting that lithium, a known direct inhibitor of GSK-3 in vitro (20, 31, 32) , can inhibit GSK-3 activity in neurons both directly and indirectly (18, (27) (28) (29) (30) (31) (32) .
We used Western blot analysis to evaluate whether lithium can affect Akt and GSK-3 phosphorylation in DAT-KO mice. Phosphospecific Akt antibodies showed an Ϸ3-fold increase of phosphoThr-308-Akt, whereas Ser-473 phosphorylation was unchanged in lithium-treated DAT-KO mice (Fig. 1D) . The phosphorylation of GSK-3␣ and GSK-3␤ was then measured. Antibody selective for phosphorylated Ser-21/9 of GSK-3 revealed that lithium induced an Ϸ2-fold increase in site-specific phosphorylation of both forms of GSK-3 in the striatum of DAT-KO mice (Fig. 1E ). These data indicate that regulation of the Akt͞GSK-3 signaling cascade is affected by lithium in DAT-KO mice.
DA-Dependent Regulation of Akt and GSK-3.
To explore whether a dysregulation of the Akt͞GSK-3 pathway might contribute to DA-dependent hyperactivity, we then examined Akt and GSK-3 expression and regulation in the striatum of untreated DAT-KO mice versus WT littermates. Although no changes in the total levels of Akt, GSK-3␣, and GSK-3␤ were observed in DAT-KO mice ( Fig. 2A and Fig. 8 , which is published as supporting information on the PNAS web site), phospho-dependent antibodies revealed that the phosphorylation of Thr-308-Akt and both GSK-3 isoforms were markedly reduced in the striatum of DAT-KO mice as compared with their WT littermates ( Fig. 2 A and B) . To confirm that the reduced phosphorylation of GSK-3 was associated with enhanced kinase activity, in vitro GSK-3 activity assays (Fig. 2C) were performed with a recombinant phosphatase inhibitor 2 as a substrate (33) . These assays showed an Ϸ1.8-fold increase of GSK-3 activity in lysates prepared from DAT-KO mice (Fig. 2D) . Moreover, kinase activity in the assays was reduced in the presence of the GSK-3 inhibitor kenpaullone (Fig. 2C Lower) .
We then examined whether a causal relationship between elevated DA levels, inactivation of Akt and activation of GSK-3, existed. This was first done by depleting DA from the striatum of DAT-KO mice by using the inhibitor of DA synthesis ␣MPT. In DAT-KO mice, the absence of DAT-mediated DA recycling and storage renders DA neurons solely dependent on DA synthesis for the maintenance of extracellular DA levels (3). In agreement with previous data (5, 6), administration of ␣MPT (250 mg͞kg of body weight i.p.) to DAT-KO mice resulted in a rapid decrease of extracellular striatal DA essentially below the limit of detection as measured by microdialysis for 3 h after injection (Fig. 9 , which is published as supporting information on the PNAS web site). DA depletion resulted in an Ϸ3.5-fold increase in phospho-Thr-308-Akt and a concomitant Ϸ2-fold increase in the phosphorylation of GSK-3␣ and GSK-3␤ (Fig. 3A) , indicating that DA regulates Akt and GSK-3 in DAT-KO mice.
D1-and D2-class receptor antagonists were then used to further support these observations and to determine which DA receptors might be involved in the regulation of striatal Akt and GSK-3 by DA. Administration of the D2͞D3 receptor antagonist raclopride (2 mg͞kg of body weight i.p.) to DAT-KO mice led to a significant increase in the phosphorylation of Akt (Thr-308), GSK-3␣, and GSK-3␤ as compared with vehicle-treated animals (Fig. 3B) . On the other hand, the D1-class receptor antagonist SCH23390 (0.1 mg͞kg of body weight s.c.) had no effect on Akt or GSK-3 phosphorylation (Fig. 3C) . Thus, despite the fact that both these drugs antagonized hyperactivity of DAT-KO mice (data not shown), only D2-class receptors appear to contribute to the regulation of Akt and GSK-3 by DA.
According to known paradigms of DA receptor signaling, a blockade of D2-class receptor should result in an intracellular increase of cAMP levels, resulting in an activation of PKA (2, 7). Alternatively, D2 receptors can also exert their action by acting through cAMP-independent pathways. In this regard D2 receptor has been shown to activate the calcium͞calmodulin-regulated phosphatase calcineurin, leading to the dephosphorylation of Thr-34 DARPP-32 (14) . Thus, the possible involvement of PKA and calcineurin in the regulation of Akt and GSK-3 was investigated in DAT-KO mice. As might be expected, injection of a cell-permeable cAMP analog (8-Br-cAMP, 50 nmol) or of the calcineurin inhibitor cyclosporin A (4 l of a 10-M solution) in the lateral cerebral ventricle (intracerebroventricular injection) of DAT-KO mice induced a robust increase in Thr-34-DARPP-32 phosphorylation (Fig. 3 D and E) . However, no effects of these treatments on Akt and GSK-3 phosphorylation were observed (Fig. 3 D and E) . Taken together, these results provide evidence for a previously unappreciated cAMP-independent action of DA on the Akt͞GSK-3 pathway in the mouse striatum. Moreover, lithium was able to antagonize both DA-associated behaviors and the action of DA on Akt and GSK-3 phosphorylation (Fig. 1) , thus suggesting an important role of these kinases in the behavioral action of DA at least in this animal model.
Inhibition of GSK-3 Antagonizes DA-Mediated Behaviors.
To further examine the involvement of the Akt͞GSK-3 pathway in the behavioral effects of DA, we then tested whether the DA-dependent hyperactivity of DAT-KO mice could be reversed by inhibition of GSK-3. DAT-KO mice were treated with different compounds that share the ability to inhibit the catalytic activity of GSK-3. Five structurally unrelated GSK-3 inhibitors, SB 216763 (34), alsterpaullone (35), indirubin-3-monoxime (36), sodium valproate (37), and TDZD (38), were used. At all doses tested, SB 216763 (3, 5, and 10 mg͞kg of body weight i.p.) significantly inhibited horizontal activity (Fig. 4) , stereotypy, and vertical activity (Fig. 10 , which is published as supporting information on the PNAS web site) of DAT-KO mice as measured for 30 min after injection. Likewise, administration of indirubin-3-monoxime (5, 10, and 20 mg͞kg of body weight i.p.) or alsterpaullone (3, 5, and 10 mg͞kg of body weight i.p.) also resulted in significant reductions of horizontal activity (Fig. 4) , vertical activity, and stereotypy (Fig. 10) . In agreement with a previous study of mice with reduced levels of DAT expression (39), significant reductions in activity (Fig. 4) and stereotypy (Fig. 10) were also obtained, albeit with a 45-min delay, after the administration of sodium valproate. Finally, injection of the catalytic binding site GSK-3 inhibitor TDZD (30 mg͞kg of body weight i.p.) to DAT-KO mice resulted in a marked inhibition of hyperactivity (Fig. 4) and stereotypy ( Fig. 10) , thus providing a compelling indication that GSK-3 activity is important for the expression of DA-associated behaviors and that its inhibition can reproduce the behavioral effects of lithium in DAT-KO mice.
GSK-3␤ Is Implicated in the Actions of Amphetamine. To validate our observations in normal animals, we then examined whether DA could inhibit Akt and activate GSK-3 in WT mice. Amphetamine is an indirect DA-receptor agonist as it elevates extracellular DA levels in the mouse striatum (3). Administration of an effective dose of amphetamine (2 mg͞kg of body weight i.p.) (3, 5) resulted in a reduction of Akt, GSK-3␣, and GSK-3␤ phosphorylation in the striatum of WT mice (Fig. 5A) , as measured 90 min after injection. However, no apparent change in the phosphorylation of these proteins was detected at 30 min after amphetamine injection (Fig.  5A) , whereas Akt phosphorylation was significantly reduced at 60 min after injection (data not shown). Furthermore, a similar time-dependent reduction of Akt phosphorylation was also observed after administration of the D1͞D2 DA agonist apomorphine (data not shown), thus suggesting that Akt inactivation and GSK-3 activation are late biochemical responses to DA receptor stimulation.
To further establish the involvement of GSK-3 in the expression of DA-induced behaviors, we assessed the behavioral effects of amphetamine in GSK-3␤ mutant mice and in their WT littermates. Homozygote GSK-3␤ knockout mice die during embryogenesis (13) . However, heterozygote mice (GSK-3␤ϩ/Ϫ mice) develop normally without any overt phenotypes (13) and show a reduction of Ϸ50% (n ϭ 6, P Յ 0.005) in striatal GSK-3␤ as revealed by Western blot analysis (Fig. 11 , which is published as supporting information on the PNAS web site). In locomotor activity tests, unchallenged GSK-3␤ϩ/Ϫ mice were not different from WT littermates either in horizontal activity (Fig. 5B) , vertical activity, or stereotypy (data not shown). However, quantification of horizontal activity for 90 min after drug administration (Fig. 5B) revealed that GSK-3␤ϩ/Ϫ showed a markedly blunted response to acute amphetamine (1 or 2 mg͞kg of body weight i.p.). In contrast to WT littermates, GSK-3␤ϩ/Ϫ mice were not significantly activated after injection of 1 mg͞kg amphetamine (Fig. 5B) , whereas, at a dose of 2 mg͞kg of body weight, GSK-3␤ϩ/Ϫ mice exhibited reduced (Ϸ50% less) locomotor activation (Fig. 5B) . Detailed analysis of the locomotor response to amphetamine over time revealed that differences between WT and GSK-3␤ϩ/Ϫ mice only became significant after the first 30 min after injection, thus correlating with the time course of activation of GSK-3 by amphetamine (Fig. 5D ). Taken together, these results suggest that despite the apparent temporal delay in the response of Akt and GSK-3 to dopaminergic stimulation, modulation of this pathway contributes significantly to the overall psychomotor response of animals.
Discussion
Our data reveal that lithium can exert its acute effect on DA-dependent behaviors by interfering with the action of DA on an Akt͞GSK-3 signaling cascade in the brain of living mice. In the striatum of DAT-KO mice, the elevated DA tone leads to activation of GSK-3␣ and -3␤ through a signaling cascade involving D2-class receptors and reduced Akt activity. Similar changes in Akt and GSK-3 activity were also observed after acute administration of the indirect DA agonist amphetamine to WT mice. Moreover, pharmacological or genetic inhibition of GSK-3 reproduced the effect of lithium and reduced behavioral responses to pharmacologically or genetically elevated dopaminergic tone, thus establishing this cascade as an important mediator of DA action in vivo.
The results presented here suggest that cAMP-independent DA receptor signaling can play a significant role in the expression of DA-associated behaviors (Fig. 6) . However, it is important to keep in mind that inhibition of GSK-3 either by lithium, GSK-3 inhibitors, or a gene-targeting approach did not completely abolish DA-mediated behavior in mice. Moreover, D1-class receptor blockade did not affect the Akt͞GSK-3 pathway while reducing hyperactivity in DAT-KO animals (19) . These findings suggest that DA functions are mediated by an intricate signaling network (Fig. 6) in which both cAMP-dependent and -independent events play important and perhaps cooperative roles in the expression of a full behavioral response.
Our results in WT animals also indicate that the inactivation of Akt͞activation of GSK-3 by DA only occurs after a sustained (Ͼ30 min) stimulation of DA receptors. In fact, analysis of the behavioral response of GSK-3␤ϩ/Ϫ mice to amphetamine suggests, on the one hand, that GSK-3␤ does not play a central role in the initial response to amphetamine (first 30 min). On the other hand, even minor (Ϸ25%) changes in total GSK-3 activity are sufficient to significantly blunt DA-dependent locomotor behavior over the full time course of the response. This observation is also consistent with data obtained from DAT-KO mice in which DA receptors are continuously stimulated. In this regard, our results differ from previous reports of a D2 receptor activation of Akt and inactivation of GSK-3␤ after short-term exposure of cell cultures to DA agonists (40) (41) (42) or within 15 min after treatment of mice with cocaine (40) or amphetamine (43) . Further detailed studies of DA receptor signaling at different time points after stimulation will be necessary to explain these discrepancies.
Apart from the regulation of the Akt͞GSK-3 pathway demonstrated here, D2-class receptors can also act independently from cAMP to regulate ion-channel permeability, inositol signaling, and phosphatase activity (7) . It will be interesting in the future to examine whether any of these responses to D2 receptor stimulation are responsible for the regulation of Akt and GSK-3 by DA or if they correspond to different modalities of DA-receptor signaling. In this regard, modulation of phosphoinositol signaling and activity of related kinases by DA represent an attractive possibility because the phosphoinositol pathway has been associated with both the regulation of Akt and the action of lithium. Moreover, the time course of Akt dephosphorylation after DA receptor activation suggests that processes involved in receptor desensitization may also contribute to the regulation of Akt. However, the choice of a proper model system will undoubtedly be important for examining these possibilities. Indications are that DA receptors may not have the same signaling characteristics in different model systems. For instance, stimulation of D2 receptor has been shown to enhance inositol signaling in PC12 cells and to reduce it in rat lactotroph cells (41, 42, 44) . Such differences in signaling may be explained by the coupling of DA receptors to different signaling machinery in different model systems or in response to different artificial DA agonists (41) . These differences underscore the importance of studying functional DA signaling in native tissues in vivo.
The molecular mechanism by which lithium acts on behavior is still the subject of debate. Two major hypotheses are that lithium may either perturb inositol signaling or directly inhibit GSK-3 (20, 21, 30) . In our system, lithium can inhibit GSK-3 activity either directly (18) or through an indirect mechanism involving the activation of Akt (27) (28) (29) , thus opposing the effect of DA on this pathway. Future studies involving mice lacking components of the Akt͞GSK-3 signaling cascade in specific brain regions will be useful to further validate these observations. Whether the acute effect of lithium on DA-receptor signaling is pertinent to its chronic action in the treatment of mood disorders will also be important to examine. However, it is interesting that similar changes in Akt and GSK-3 phosphorylation have been reported to occur in the brain of mice that were chronically treated with lithium or valproic acid (28) .
DA is associated with many neurological and psychiatric conditions. Thus, the elucidation of a connection between sustained DA-receptor signaling, Akt, GSK-3, and aberrant behavior raises the possibility that a dysregulation of the Akt͞GSK-3 pathway may contribute to the etiology of DA-associated neuropsychiatric conditions. During the review process of this article, modifications of Akt͞GSK-3 signaling, similar to those observed in our study in response to excess of DA, were described in individuals with schizophrenia (45) . Finally, the ability of GSK-3 inhibitors to normalize behavior in DAT-KO mice raises the possibility that targeting of the Akt͞GSK-3 signaling pathway may provide a previously unappreciated approach to manage conditions associated with altered DA neurotransmission (1-3).
